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ABSTRACT
We have developed a multistep route to the formation of covalently linked adducts of single-wall carbon nanotubes (SWNT) and deoxyribonucleic
acid (DNA) oligonucleotides. X-ray photoelectron spectroscopy was used to characterize the initial chemical modification to form amine-
terminated SWNTs, which were then covalently linked to DNA. The resulting DNA−SWNT adducts hybridize selectively with complementary
sequences, with only minimal interaction with noncomplementary sequences.
Many of the most interesting and unique properties of nano-
scale materials are realized only when they are integrated
into more complex assemblies.1,2 In biology, the highly selec-
tive binding between complementary sequences of deoxyri-
bonucleic acid (DNA) plays the central role in genetic repli-
cation. This selectivity can, in principle, be used to assemble
a wider range of materials, by forming adducts between DNA
and the material of interest.3 While biomolecules such as
DNA can be linked to nanotubes via noncovalent interac-
tions,4-7 the use of covalent chemistry is expected to provide
the best stability, accessibility, and selectivity during com-
petitive hybridization. Here, we report a multistep route for
covalently linking DNA to single-wall carbon nanotubes
(SWNTs). We find that DNA molecules covalently linked
to SWNTs are accessible to hybridization and strongly favor
hybridization with molecules having complementary se-
quences compared with noncomplementary sequences.
Figure 1 shows an overview of the covalent attachment
process. Purified SWNTs were oxidized to form carboxylic
acid groups at the ends and sidewalls (Figure 1b). These were
reacted with thionyl chloride and then ethylenediamine to
produce amine-terminated sites (Figure 1c). The amines were
then reacted with the heterobifunctional cross-linker succin-
imidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate,
(SMCC), leaving the surface terminated with maleimide
groups (Figure 1d). Finally, thiol-terminated DNA was
reacted with these groups to produce DNA-modified SWNTs
(Figure 1e).* Corresponding author. E-mail: rjhamers@facstaff.wisc.edu
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Single-wall nanotubes (Carbolex, Lexington, Ky) were first
purified8,9 by refluxing the as-received nanotubes in 3 M
nitric acid for 24 h and then washing the SWNTs with water
using a 0.6 micron polycarbonate membrane filter (Milli-
pore). Elemental analysis (Desert Analytics) showed that this
procedure reduces the Ni contamination from 19% to 4.0
wt %, and the Yttrium contamination from 4.8% to 0.75%.
Previous studies have shown that this procedure results in
partial oxidation of the nanotubes, leaving carboxylic acid
groups at the nanotube ends and at sidewall defect sites.10
Figure 2 shows a C(1s) X-ray photoelectron spectrum of the
oxidized nanotubes obtained under ultrahigh vacuum (UHV)
conditions using a Al KR source. The spectrum shows a large
peak at 284.2 eV from the nanotubes with 88% of the total
C(1s) area, a smaller shoulder at 285.9 eV (6.4% of total
area), and a well-separated peak at 288.2 eV (5.9% of total
area). The peak at 288.2 eV is attributed to the carbonyl
groups of carboxylic acid groups, and the 4 eV difference
between this peak and the main carbon peak is very close to
previously reported values.11-13 The smaller peak at 285.9
eV, 1.7 eV higher than the main carbon peak, is attributed
to C atoms in ether-like linkages13 and also to satellite peaks
arising from excitation of electronic transitions within the
nanotubes.14 These results suggest that 6% of the carbon
atoms are present as carbonyl groups, comparable to values
previously reported using similar procedures.15,16 The cor-
responding N(1s) spectrum (Figure 2b) shows no signal
above the detection limit of the instrument, even with
extensive signal averaging.
To functionalize the nanotubes with amine groups, the
purified, oxidized material (∼60% of initial weight of
SWNTs) was dried under vacuum and then suspended in 1
mL of anhydrous dimethylformamide (DMF) in an ultrasonic
bath. This dispersion was immediately added to 20 mL
thionyl chloride (Aldrich) and heated under reflux for 24 h
to convert the carboxylic acids to acyl chlorides.17 These
nanotubes were rinsed over a 0.2 micron PTFE membrane
(Millipore) with anhydrous THF to remove excess SOCl2,
and were then added to ethylenediamine (neat, Aldrich) and
stirred for 3-5 days in order to form the product depicted
in Figure 1c.
Because formation of the amine-terminated nanotubes is
a critical step in the overall chemical scheme, several
measurements were performed to help confirm the presence
of a covalent linkage between the carbon nanotubes and
ethylenediamine to form the product depicted in Figure 1c.
The modified tubes were characterized by XPS after briefly
warming to ∼75 °C in UHV to remove any residual
physically adsorbed amines. Using the bulk C(1s) peak as
an internal standard at 284.2 eV (as in Figure 2a), the
resulting C(1s) photoelectron spectrum (Figure 2c) shows
some broadening of the bulk peak and a shoulder near 285.5
eV, about 1.3 eV higher than the main C(1s) peak. However,
there is no significant intensity near 288 eV. The absence
of intensity at 288 eV is significant because the C(1s) binding
energy of carbonyl groups is expected to decrease signifi-
cantly when a carboxylic acid is converted to an amide, due
to electron donation from the adjacent N atom. Carbon atoms
in carboxylic acid groups and in amide groups typically have
C(1s) binding energies∼4.0 eV and ∼2.0 eV higher,
respectively, than C atoms in alkanes.18 Thus, the changes
we observe in the C(1s) spectrum support the formation of
an amide linkage on the nanotubes. The N(1s) spectrum
(Figure 2d) shows a peak with a binding energy of 400.2
eV and a breadth of 3.4 eV full-width at half-maximum
(fwhm). Previous studies have shown that amides and amines
both have binding energies in the range of∼399.5-400.5
eV.18-20 Because the chemical scheme we use is expected
to produce amine- and amide nitrogens in equal quantities
(Figure 1c), both the energy and the comparatively large line
Figure 2. X-ray photoelectron spectroscopy of chemically modified
nanotubes. (a) C(1s) spectrum of oxidized nanotubes, along with
fit to three peaks as described in text. (b) N(1s) spectrum of oxidized
nanotubes, showing no detectable N(1s) signal. (c) C(1s) spectrum
of oxidized nanotubes functionalized after reaction with SOCl2 and
then ethylenediamine, showing elimination of the acid carbonyl peak
near 288 eV and increased intensity near 286-286.5 eV from the
amide group. (d) N(1s) spectrum of oxidized nanotubes function-
alized with ethylenediamine.
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width are consistent with the successful formation of the
product depicted in Figure 1c.
Although the N(1s) data provide only limited information
about the bonding, measurement of the area of N(1s) and
C(1s) peaks provides a quantitative measure of the extent
of functionalization. Measurement of the peak areas yield
an N(1s)/C(1s) peak area ratio of 0.058. Using atomic
sensitivity factors20 of 0.296 for C(1s)and 0.477 for N(1s),
this yields a nitrogen-to-carbon ratio of 0.093. Since each
ethylenediamine molecule contains two N atoms, this ratio
indicates that∼5% of the nanotube sites are linked to
ethylenediamine molecules. This 5% overall conversion to
free amines is only slightly less than the∼6% of sites
estimated to have been oxidized in the first step and is within
the combined experimental error of the measurements. This,
in turn, indicates that the conversion of carbonyl groups to
amine groups via the procedure in Figure 1 is quite efficient.
Confirmation of covalent bonding of ethylenediamine to
the SWNTs is complicated by the presence of two amine
groups per ethylenediamine molecule, making it difficult to
distinguish between the starting material and the final
product. Consequently, further confirmation of covalent bond
formation and overall efficacy of the functionalization was
obtained using1H NMR spectroscopy on SWNTs reacted
with dodecylamine by an identical procedure (spectrum
shown in Supporting Information). A comparison of the
spectrum of dodecylamine with the spectrum of nanotubes
reacted with dodecylamine (both in CDCl3) showed that
while dodecylamine has a singlet centered at 1.17 ppm from
the amine protons, this peak was not present in spectrum of
the SWNT-dodecylamine reaction product. Instead, the
reaction product showed a new peak with a chemical shift
of 8.02 ppm, a value that is characteristic of amide protons.21
Also, the SWNT-dodecylamine spectrum features signifi-
cant broadening of the peaks in the region between 0.81 and
2.92 ppm, attributed to the aliphatic protons. Peak broadening
in molecules attached to nanotubes can be attributed to the
fact that molecules are forced to tumble slowly relative to
the solvent molecules, and thus are not able to achieve full
isotropic averaging.22 These results further indicate that the
procedure leads to covalent linkage between the acylated
nanotube through an amide bond as depicted in Figure 1d.
These amide bonds are located both at the walls and at the
ends of the tubes, but the ratio of these type types of sites
depends on the length-to-diameter ratio of the nanotubes.
Scanning electron microscopy (SEM) micrographs using a
Leo Gemini 1530 SEM showed almost entirely continuous
nanotubes on a 500 nm field of view. Consequently, we
conclude that the chemical functionalization occurs primarily
at the sidewalls and that functionalization at the ends
represents only a small contribution.
The final steps of DNA attachment are similar to those
used previously to link DNA to surfaces of diamond23,24and
silicon.11 After the SWNTs were terminated with primary
amine groups, they were added to a 60 mM solution of the
heterobifunctional linker SMCC (Pierce) with a catalytic
amount of triethylamine (Aldrich) in anhydrous DMF and
stirred for 2 h in thedark. The nanotubes were then washed,
resuspended in 0.1 M triethanolamine buffer (pH 7), and
dried under vacuum, producing maleimide-terminated nano-
tubes (Figure 1d) that are reactive toward thiol-terminated
DNA oligonucleotides. DNA oligonucleotides (University
of Wisconsin Biotechnology Center) were deprotected and
purified by reverse-phase high-performance liquid chroma-
tography immediately before use. To form the final DNA-
SWNT link, the maleimide-terminated nanotubes were
immersed in 100µM purified DNA oligonucleotide solution
in triethanolamine buffer.
Several different DNA oligonucleotides were used in these
experiments. To optimize the DNA-SWNT linkage, a 32-
base fluorescently labeled oligonucleotide (5′-HS-C6H12-
T15GC TTA ACG AGC AAT CGT FAM-3′) (“S1”) was
used. This oligonucleotide was modified at the 5′ end using
the reagent 5′-thiol modifier C6 (Glen Research) to give a
thiol group for attachment to the maleimide group on the
nanotubes (Figure 1d), and was modified at the 3′ nd using
6-FAM amidite (Applied Biosystems) to attach a fluorescein
group. To help distinguish between covalent attachment and
physical adsorption, aliquots of the same fluorescently
labeled DNA were added to amine-modified nanotubes that
hadnot been treated with SMCC. After reacting for 48 h,
both samples were washed with 2X SSPE/0.2% SDS buffer
(Promega, consisting of 2 mM EDTA, 7 mM sodium dodecyl
sulfate, 300 mM NaCl, and 20 mM NaH2PO4 with pH )
7.4) at 70 °C. Because these conditions are effective at
denaturing double-stranded DNA, we also expect them to
efficiently remove nonspecifically adsorbed DNA.
The use of SMCC as a covalent linker leads to obvious
changes in the SWNTs. Figure 3a shows a visible-light
photograph of SWNTs that were modified with SMCC and
then reacted with DNA with sequence S1. The photograph
shows that these SWNTs have a high affinity for water,
dispersing uniformly at the bottom of a microtiter plate. In
contrast, SWNTs that were amine-terminated and then
exposed to DNAwithout the SMCC linker aggregate and
appear to be nearly insoluble in the buffer solution. This
effect can be observed clearly from optical measurements
of the apparent absorbance of the solutions. Figure 3b shows
the apparent absorbance at 260 nm of tubes prepared like
those in Figure 3a and mechanically dispersed by shaking.25
While the nanotubes that were not exposed to SMCC (but
wereexposed to DNA) exhibit a rapid decrease in apparent
absorbance as they fall out of solution, the nanotubes that
were modified with SMCC and then covalently linked to
DNA show no change over the same time interval. Additional
measurements (not shown) of the supernatant from tubes that
were centrifuged show a higher absorption for the tubes that
were covalently linked to DNA. Thus, we conclude that
covalent bonding of DNA oligonucleotides to nanotubes
enhances their dispersal in buffer solutions.
Measurements of the fluorescence intensity (Molecular
Dynamics FluorImager 575) of the SWNTs that were
modified with SMCC and then with the fluorescently labeled
DNA sequence S1 yielded a median value of 4800 (in
arbitrary intensity units, “I.U.”), amine-modified SWNTs
exposed to DNA but not modified with SMCC yielded a
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median value of 406 I.U., and an empty well yielded a value
of 356 I.U. Thus, nanotubes functionalized with SMCC and
then exposed to S1 under reactive conditions have higher
solubility and much higher fluorescence intensity than the
amine-terminated nanotubes exposed to S1 under these same
conditions. This result implies that the presence of the SMCC
linker significantly increases the extent of DNA function-
alization and supports the presence of the covalent linkages
shown in Figure 1e.
As a final test of the covalent attachment and to test the
accessibility of the DNA-modified SWNTs, hybridization
studies were conducted using DNA-modified SWNTs. These
experiments were conducted using the oligonucleotide “S2”,
with the sequence (5′-HS-C6H12-T15GC TTA ACG AGC
AAT CG-3′) linked to the nanotubes. This oligonucleotide
consists of a thiol group at the 5′ end for immobilization
onto the SWNTs, a repetive sequence of thymine (T) bases,
and a set of 16 additional bases for hybridization with
solution-phase oligonucleotides. After immobilization onto
the SWNTs, the resulting DNA-nanotube adduct was
divided into two aliquots, and each was immersed in a 5
micromolar solution of DNA oligonucleotides that were
labeled at the 5′ end with fluorescein. The first sequence,
“S3”, (5′-FAM-CG ATT GCT CGT TAA GC-3′), has
16 bases complementary to S2. The second sequence, “S4”,
consists of the 16-base sequence (5′-FAM-CG TTT GCA
CGT TTA CC-3′) that has four-base mismatch to S2. Each
sample was hybridized for 2 h at 37°C and then shaken for
30 min. The nanotubes were washed over a 0.2 micron
polycarbonate membrane with 0.2%SDS/2xSSPE buffer and
placed in a 96 well microtiter plate in buffer. Figure 3 shows
the resulting fluorescence image of this experiment. The top
row shows the fluorescence images (black) high intensity)
for hybridization of S2-SWNT with its complement, S3
(left), and with the 4-base mismatch, S4 (middle). The image
at right shows the background from an empty titerplate well.
Measurement of the fluorescence intensity within each well
yields a median value of 1287 I.U. for the perfect match
(left), 680 I.U. for the mismatch (middle), and 427 I.U. for
the background. Because there is a much higher intensity
from the perfectly matched pair (S2-SWNT + S3) than the
mismatched pair (S2-SWNT + S4), we conclude that
hybridization of the DNA-SWNT adducts with solution-
phase oligonucleotides is highly specific.
To confirm that hybridization is reversible, each sample
was denatured by washing with an 8.3 M urea solution. The
resulting fluorescence images (Figure 3b, middle row) show
only low levels of fluorescence from the two samples
(intensity) 304 I.U. from perfectly matched, 267 I.U. from
4-base mismatch) comparable to the background level
(intensity) 238 I.U.). Finally, the DNA-modified nanotubes
were hybridized a second time. In this second hybridization,
the sample that was previously hybridized with a perfect
match was now hybridized with a mismatched sequence, and
vice versa. The images in the bottom row of Figure 3b show
that again, the fluorescence intensity of the 4-base mis-
matched pair S2-SWNT + S4 (bottom left, intensity) 441
I.U.) is close to that of the background (bottom right, 257
I.U.), while the relative intensity of the perfect mach S2-
SWNT+ S3 (bottom middle, intensity) 1073 I. U.) is much
higher than either. Again, the hybridization is quite specific.
Figure 3. (a) White-light photograph showing increased dispersal
upon covalent linking of DNA to single-wall nanotubes. Amine-
modified nanotubes covalently linked to SMCC (left) and then
linked to DNA disperse uniformly onto the bottom of the microtiter
plate, while amine nanotubes exposed to DNA only, without benefit
of the SMCC covalent linker (right) aggregate strongly. (b) Time-
dependent optical absorption measurements (1 cm path length, 260
nm wavelength) showing that amine-modified nanotubes covalently
linked to SMCC and then linked to DNA remain dispersed in
solution, while amine-modified nanotubes exposed to DNA without
benefit of the SMCC linker quickly aggregate and drop out of
solution. (c) Fluorescence images of DNA-SWNT adducts hybrid-
ized with complementary and 4-base mismatched sequences, as
described in text. The top row shows the initial hybridization. The
second row shows the same samples after denaturing in urea, and
the bottom row shows the same samples after hybridizing a second
time with a different sequence, as described in text.
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The above results strongly point to the successful synthesis
of covalently linked DNA-SWNT adducts. The high stabil-
ity of the adducts, combined with their accessibility in
hybridization experiments, indicates that the DNA oli-
gnoucleotides are chemically bonded to the exterior of the
SWNTs and are not wrapped around or intercalated within
the nanotubes. Moreoever, the high accessibility to hybrid-
ization and the markedly increased affinity for aqueous buffer
after linking to DNA suggests that the tubes are highly
dispersed. The ability of these DNA-SWNT adducts to
reversibly hybridize with high specificity to DNA molecules
having complementary sequences suggests these adducts may
find a number of potential uses, such as building blocks for
more complex supramolecular structures and in highly
selective, reversible biosensors.
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